tinct pharmacokinetic and pharmacodynamic characteristics may result in varying effectiveness. It has been questioned whether the same beneficial effects would be observed with ACE inhibitors with lower degrees of tissue penetration. 9 Laboratory studies have suggested that higher degrees of tissue penetration are associated with more favourable levels of fibrinolytic markers in vascular tissue. 20 Yet, in practice, different physicians seem to prefer prescribing different ACE inhibitors to patients with congestive heart failure.
It is unlikely that a head-to-head trial of all ACE inhibitors currently prescribed to patients with congestive heart failure will be conducted. Moreover, if the effects of various ACE inhibitors differ, the differences are likely to be relatively small, which means a very large sample would be required to ensure adequate statistical power when comparing the efficacy of the drugs. Thus, we used large population-based administrative databases of hospital discharge and prescription claims data to determine whether all ACE inhibitors are associated with similar reductions in mortality among patients admitted to hospital because of congestive heart failure.
Methods

Study population and data sources
We searched government administrative databases of hospital discharges in 3 provinces (Maintenance et exploitation des données pour l'étude de la clientèle hospitalière [Med-Echo] in Quebec, the Canadian Institute for Health Information in Ontario and the Patient Hospitalization Database in British Columbia) for data on the treatment and clinical outcomes of all patients who were admitted to hospital because of congestive heart failure between Jan. 1, 1998, and Mar. 31, 2002 , and who had not had been admitted for this reason within the 3 years before the study period. We imposed this 3-year exclusion period to ensure that almost all patients who had previously been admitted to hospital because of congestive heart failure were excluded. 21 We followed patients until Dec. 31, 2002 , to ensure at least 9 months of potential follow-up. Eligible patients were those admitted to hospital with a primary diagnosis of congestive heart failure (International Classification of Diseases [ICD-9] code 428). We excluded admissions that represented a hospital transfer, admissions to a nonacute hospital setting and admissions where congestive heart failure was the secondary diagnosis. We also excluded patients younger than 65 years or older than 105 years.
Using encrypted provincial health insurance numbers, we linked the data from these databases to data from the provincial drug claims databases (la Régie de l'assurance maladie du Québec, the Ontario Drug Benefit Plan database and BC PharmaCare), which contain information on patients' drug prescriptions.
By combining information from both the Med-Echo and Régie de l'assurance maladie du Québec databases, we obtained complete survival data for patients in Quebec: deaths that occur in hospital are recorded in the Med-Echo database, and those that occur both in and out of hospital are recorded in the Régie de l'assurance maladie du Québec database. The Ontario Registered Persons Database contained information on the vital status of all residents covered under the Ontario Health Insurance Plan. Linkage with the deaths registry of the British Columbia Vital Statistics Agency provided mortality data. The accuracy of the survival data for patients in Ontario with acute myocardial infarction has previously been verified by linking directly to vital statistics data housed at Cancer Care Ontario, with an agreement of 99.6%. 22 The accuracy of the Quebec data has been similarly investigated. 23 The accuracy of survival data for patients in British Columbia with acute myocardial infarction has been ascertained by linking the BC Cardiac Registries database with the Vital Statistics Agency. Using probabilistic linkage, we were able to achieve a 95.7% match for 30-day mortality, and a 99.8% match for 1-year mortality.
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Prescription groups
Using the linked databases, we identified patients with congestive heart failure who filled at least 1 prescription for an ACE inhibitor within 30 days after discharge from hospital. Most patients in our database filled their prescriptions on the same day as discharge, with a median time to first prescription of 0 days. We used a timeframe of 30 days to capture patients who filled their prescriptions at a later date. We categorized the patients into groups based on the first type of ACE inhibitor they received after discharge. We studied the most commonly used ACE inhibitors (ramipril, lisinopril, fosinopril, quinapril, enalapril, captopril, perindopril and cilazapril), but did not evaluate trandopril, benazepril, or the combination of an ACE inhibitor with either a diuretic or calcium-channel blocker.
Prescription characteristics
For each patient included in the study, we obtained detailed information about all prescriptions filled over the subsequent follow-up period. In all 3 provinces, this information included the number of prescriptions filled. From the Quebec and Ontario databases, we were also able to obtain data on the daily dose, as well as the duration of the prescription in days. We also examined whether the dose was at or above the target dose for each drug. For the ACE inhibitors that have been previously evaluated in clinical trials involving patients with congestive heart failure (ramipril, lisinopril, fosinopril, quinapril, enalapril and captopril), we used the target doses studied in those trials for comparison. For the others (perindopril and cilazapril), we used the target doses listed in the 2006 edition of the Compendium of Pharmaceuticals and Specialties. 25 Finally, to examine patients' adherence to ACE inhibitor therapy, we calculated the percentage of time for which each patient was covered by an ACE inhibitor prescription during the first year after discharge from hospital, or until his or her death if the patient died during that year, and compared the results with the duration of each filled prescription during the same period.
Fixed and time-dependent covariates
We selected a number of fixed baseline covariates a priori for inclusion in our multivariable models because of their possible influence on survival and other clinical outcomes following hospital admission because of congestive heart failure, 26 and their possible association with prescription practices for specific ACE inhibitors. We used the secondary diagnoses included in the hospital discharge databases to obtain data about patients' inhospital comorbidities: hypertension, chronic obstructive pulmonary disease or other respiratory disease, atrial fibrillation and flutter, acute myocardial infarction, diabetes, renal disease, cerebrovascular disease, peripheral vascular disease, primary or metastatic cancer, dementia, rheumatologic disease and liver disease. We obtained data on cardiac procedures (cardiac catheterization, percutaneous coronary intervention, coronary artery bypass graft) performed between the date of hospital admission and the date that the first ACE inhibitor prescription was filled, as well as data on prescriptions for other drugs (loop diuretics, spironolactone, metolazone or other diuretics; nitrates; β-blockers; digoxin; warfarin; calcium-channel blockers; lipid-lowering agents; amiodarone; ticlopidine or clopidogrel; angiotensin II receptor blockers; or hydralazine) filled between the date of discharge and first ACE inhibitor prescription. We also recorded the specialty of the treating physician (family medicine, cardiology, internal medicine, other specialty). In addition, we adjusted for the teaching status of the hospital of admission and noted whether the annual volume of admissions because of congestive heart failure at the study hospitals was low (31 admissions or fewer), medium (31-121 admissions) or high (more than 121 admissions).
We also used information on dose and duration of prescriptions for ACE inhibitors to create 2 binary timedependent variables. One variable indicated current use of the initially prescribed drug based on the dates and durations of consecutive prescriptions. The other variable indicated whether the current dose of each ACE inhibitor was at or above the target dose.
Statistical analyses
We first compared all patient characteristics according to the type of ACE inhibitor prescribed within 30 days after discharge from hospital. Main analyses relied on methodology for survival analysis. We defined time-to-event as time elapsed between the first ACE inhibitor prescription and death. We censored data for patients who were alive on Dec. 31, 2002 , at that time. We also censored data for patients who switched to another ACE inhibitor during follow-up on the date of the switch. We used the Kaplan-Meier method to estimate nonadjusted mortality by type of ACE inhibitor initially prescribed, and we used the log-rank test to compare the groups.
We used 2 versions of the multivariable Cox proportional hazards model 27 to account for differences in duration of follow-up and to control for differences in the distribution of covariates across the prescription groups. In both models, we adjusted for the associations between each type of ACE inhibitor and mortality for the fixed baseline covariates described in the previous section. We also adjusted for the calendar year of hospital admission to account for possible temporal trends, the time from discharge to filling the first ACE inhibitor prescription, length of stay and the province of admission. In the second model, we adjusted for 2 additional time-dependent variables: changes in dose, and periods on and off the ACE inhibitors. Because ramipril has increasingly been prescribed to patients with congestive heart failure, we selected ramipril as the reference category for comparisons with the other ACE inhibitors, each of which was represented by a dummy variable. We used a goodness-of-fit test (7 degrees of freedom) to test the global null hypothesis that all 8 ACE inhibitors were associated with the same mortality.
First, we fitted the fixed-exposure model to data from all 3 provinces, with drug exposure modelled by fixed-in-time covariates representing the type of ACE inhibitor initially prescribed. Thus, in the fixed-exposure model, exposure status did not change during the follow-up even if the patients interrupted or discontinued the use of the initially prescribed medication.
Next, we fitted the time-dependent model, which included 2 additional binary time-dependent variables representing current use of the initially prescribed ACE inhibitor, and cur-CMAJ • May 6, 2008 • 178 (10) 1 13 30 05 5
Elderly patients with congestive heart failure who filled a prescription for an ACE inhibitor within 30 days after discharge from hospital n = 43 316
• Quebec n = 13 621
Excluded n = 24 932
• Prescription not filled within 30 days after discharge from hospital n = 24 932
Elderly patients with congestive heart failure who received a prescription for an ACE inhibitor at any time n = 68 248
Excluded n = 30 187
• Age < 65 yr or > 105 yr n = 22 684
• Quebec n = 7 067
Patients with first admission because of congestive heart failure n = 98 435
Figure 1: Selection of patient data to include in analysis of mortality associated with individual angiotensin-converting-enzyme (ACE) inhibitors among patients with congestive heart failure.
rent dose at or above the target dose. Thus, the timedependent model accounted for potential differences in the exposure duration, temporal pattern of drug use versus nonuse, and drug dose among the different ACE inhibitors.
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Because the data from British Columbia did not include information on prescription duration, we limited the timedependent analyses to data from Ontario and Quebec.
In both models, we tested the proportional hazards assumption for each independent variable using the nonparametric test proposed by Grambsch and Therneau. 29 For those covariates, for which the proportional hazards hypothesis was rejected at α = 0.05, we included a time-by-covariate interaction to account for variation of its effect over time. 30 
Sensitivity analyses
To test the robustness of our results, we performed several additional analyses. First, we tested for interactions between the effects of ACE inhibitors on mortality and province. Furthermore, we tested in separate models whether the differences in mortality among users of individual ACE inhibitors were modified by some other clinical or demographic characteristics. To this end, we expanded the fixed-exposure multivariable model by adding 7 interactions between a given covariate and each of the 7 dummy indicators of ACE inhibitors. We then used a goodness-of-fit test (7 degrees of freedom) to determine whether adding the 7 interactions significantly improved the model's fit to data. Finally, we assessed whether adjusting for the comorbidities identified during the 5 years preceding and including the hospital admission changed the estimated effects of ACE inhibitors on mortality.
Results
Study population
A total of 43 316 patients admitted to hospital because of congestive heart failure filled their first prescription for an ACE inhibitor within 30 days after discharge from hospital ( Figure 1 ). Among these patients, ramipril was most fre- Table 1 describes the demographic, clinical, physician and hospital characteristics of the patients. Baseline characteristics among the prescription groups were similar, which suggested the absence of a preferential prescribing pattern for patients with poorer or better health status. One exception was that patients taking fosinopril, an ACE inhibitor with low renal clearance, were more likely to have renal disease than patients prescribed another ACE inhibitor. In terms of other prescriptions received between hospital discharge and the initial ACE inhibitor prescription, patients using ramipril were more likely to have received prescriptions for β-blockers and spironolactone than patients taking other ACE inhibitors. However, the percentage of patients using any type of diuretic was similar among all prescription groups (Table 1) . Table 2 compares prescription characteristics by type of ACE inhibitor during the year following discharge. The median number of ACE inhibitor prescriptions filled was similar across the groups. Adherence was good in all the groups, with mean coverage by ACE inhibitor prescriptions for most of the year after discharge (min-max 72%-81%). The majority of patients (more than 80%) had prescription coverage for at least 80% of the year, except for patients taking captopril, 58% of whom had this degree of coverage. above the recommended target dose; 77% of patients prescribed perindopril and 93% of those prescribed cilazapril received doses at or above the recommended target (Table 2) .
Prescription groups
Prescription characteristics
Mortality outcomes
During the follow-up period, a total of 16 618 patients died: 1664 in British Columbia, 9910 in Ontario and 5044 in Quebec. The unadjusted incidence of death ranged from 15.7 per 100 patients per year to 19.9 per 100 patients per year (Table 3 ). The overall unadjusted yearly rate of death was 21.5%. The unadjusted probability of survival was significantly lower among patients prescribed enalapril or captopril than among patients prescribed ramipril (p < 0.001 for the log-rank test) (Figure 2) . The difference in survival was not significant for the other ACE inhibitors relative to ramipril. The fixed-exposure and time-dependent multivariable Cox proportional hazards models confirmed the statistically significant differences in mortality among the different ACE inhibitor groups (p < 0.001 for goodness-of-fit test in both models) (Figure 3 ).
In the time-dependent model, enalapril and captopril were associated with a higher mortality relative to ramipril: the hazard ratio (and 95% confidence intervals [CIs]) were 1.10 (1.04-1.16) for enalapril and 1.13 (1.01-1.26) for captopril ( Figure 3) . All of the other ACE inhibitors were associated with a similar mortality as ramipril. Both current use (hazard ratio 0.42, 95% CI 0.40-0.44) and current dose at or above target (hazard ratio 0.88, 95% CI 0.84-0.92) were independent predictors of lower mortality. In the sensitivity analyses, we found that the hazard ratios for enalapril and captopril were higher in Ontario than in Quebec and British Columbia; however, in all 3 provinces the direction of their effects were the same (data not shown). For each of the other covariates, the goodness-of-fit test (p > 0.05; 7 degrees of freedom) indicated that the effects of ACE inhibitors did not differ depending on the patient characteristics.
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We limited additional sensitivity analyses to the Quebec data because data from other provinces were not available at the time of analysis and because not all data were required for sensitivity analyses. The proportional hazards hypothesis was not rejected for any of the ACE inhibitors (all p values > 0.15), which indicated that the adjusted hazard ratios reported in Figure 3 remain relatively constant for up to 5 years of followup. Four covariates (primary or metastatic cancer, chronic obstructive pulmonary disease or other respiratory disease, dementia, and amiodarone use) did not follow the proportional hazards hypothesis; however, adjusting for these covariates did not change the estimated effects of any ACE inhibitor (data not shown). Furthermore, the results reported in Figure  3 remained almost unchanged when we adjusted for comorbidities that we identified based on any admission to hospital in the 5 years preceding the study (data not shown).
Interpretation
Our study shows that, at currently prescribed doses, enalapril and captopril were associated with about 10%-15% higher mortality than ramipril among elderly patients with congestive heart failure. Patients who filled prescriptions for fosinopril, lisinopril, quinapril, perindopril and cilazapril did not have a significantly different mortality than those who filled prescriptions for ramipril. For fosinopril, lisinopril and quinapril, we had adequate (80% or higher) power to detect a hazard ratio of 1.10 relative to ramipril. The hazard ratios detectable with 80% power were 1.13 for perindopril and 1.18 for cilazapril, which indicated that moderate but clinically important differences in mortality cannot be ruled out. In addition, the results reported in Figure 3 suggest that the relative risk of death associated with captopril (the ACE inhibitor with the highest estimated hazard ratio) may be about 23% greater (1.13/0.92 = 1.23) relative to fosinopril (the ACE inhibitor with the lowest estimated hazard). Although we cannot provide definitive answers regarding relative safety for all possible pairs of ACE inhibitors, we can conclude from our findings that mortality was higher among patients who were taking captopril or enalapril than among patients taking ramipril; that mortality among patients taking fosinopril, lisinopril or quinapril was similar to that among patients taking ramipril; and that the results were inconclusive for patients taking perindopril or cilazapril. Our real-world analysis provides important comparative information that would not be readily available in a clinical trial. Moreover, it is unlikely that a clinical trial will ever compare 8 different ACE inhibitors.
In previous studies, the comparison of various ACE inhibitors yielded conflicting results, largely related to the different outcome measures. Captopril was compared with quinapril 12 and lisinopril 13 in separate trials involving patients with congestive heart failure, and in both cases similar effects among the drugs were observed. However, lisinopril and captopril were also compared in a randomized trial involving patients with congestive heart failure, which concluded that, compared with captopril, lisinopril improved nonfatal outcomes such as exercise duration in certain subgroups of patients.
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A class effect implies that all drugs in a class exert the same effect, positive or negative, on their target population. There may be several reasons for the different effects in our study. The higher mortality associated with enalapril or captopril relative to ramipril could be related to their dosages: these drugs have to be used multiple times per day, with the potential for shorter durations of action, for periods when the drug is not active and for reduced adherence. As a result, the effectiveness of these medications in the population at large may be inferior to medications that are taken once daily.
Another potential explanation for these contrasting effects is that the benefits of ACE inhibitors may depend on specific pharmacologic properties and structural characteristics of these drugs. In particular, the issue of tissue penetration could explain the varying effects. For example, in patients with acute myocardial infarction, ACE inhibitors stabilize plaques, a benefit that has been purported to be associated with their degree of tissue penetration.
20 Evidence of such a benefit is suggested by the ability of ramipril, which has a high degree of tissue penetration, to prevent mortality and cardiac events among high-risk patients without congestive heart failure. 31 Similarly, perindopril, which also has a high degree of tissue penetration, was shown to reduce rates of cardiac events among low-risk patients without congestive heart failure. 32 Quinapril, which in our analyses was associated with mortality similar to that of ramipril, and trandolopril also have high degrees of tissue penetration. It is possible that the benefit of a higher degree of tissue penetration may not be as relevant for patients with congestive heart failure as improved hemodynamic and ventricular remodelling; however, there is limited evidence to support this hypothesis. First, a trial specifically designed to compare outcomes among cardiac patients prescribed ACE inhibitors with high versus low degrees of tissue penetration has not been conducted. Thus, the clinical importance of differences in tissue penetration among ACE inhibitors has not been fully established in patients with either acute myocardial infarction or congestive heart failure. 19 Second, although the degrees of tissue penetration of a number of ACE inhibitors have been directly compared in an older study, 33 to the best of our knowledge, no study has compared the tissue penetration of all ACE inhibitors that are currently prescribed to patients with congestive heart failure.
Although our large database study permits analyses of patterns and outcomes of ACE inhibitor use at the population level with adequate statistical power, its main limitation is that it does not contain information on some clinically relevant patient characteristics. For example, we did not have information on ejection fraction or on systolic versus diastolic dysfunction. However, we adjusted for several important demographic, clinical, physician and hospital-related variables associated with outcomes in patients with congestive heart failure, as well as for the current prescription drug use and dosage, which were both represented by time-dependent variables. In addition, we focused only on patients who received prescriptions for ACE inhibitors, minimizing confounding by indication. 34 Nonetheless, there remains the possibility that certain ACE inhibitors were preferentially prescribed to patients with low ejection fraction, or to patients with systolic versus diastolic dysfunction. For example, enalapril could be preferentially given to patients with systolic dysfunction who are thought to have a worse prognosis.
Other missing variables, such as smoking, were unlikely to be distributed differentially across ACE inhibitor groups and, thus, were unlikely to introduce bias in our results. Also, although prescription dosages varied for the ACE inhibitors, the time-dependent variables accounted for the different dosages over time, and there was no interaction between dosages and the different ACE inhibitors, which indicated that the impact of dosage was the same for all drugs. The time-dependent model also accounted for periods on or off the drug. In fact, the difference in hazard ratios that we observed in the time-dependent model accounts for drug interruption, whereas the fixed-effect model assumes a continuous exposure.
Finally, data linkages were not 100% for the mortality variable, but they were unlikely to differ across specific study medications. A similar study that used administrative data to study the effectiveness of various ACE inhibitors concluded that they have a class effect. 35 The robustness of results from observational studies is highly dependent on the nature of the analysis. We believe our use of a time-dependent variable analysis best reflects the dosage and patterns of ACE inhibitor use. The lack of application of this method in the previous study may explain its different conclusions.
In summary, our results suggest that physicians choosing an ACE inhibitor for patients with congestive heart failure should consider the possible 10%-15% increase in mortality that we observed with enalapril and captopril use compared with ramipril use. Further evidence is required to fully assess the comparability between ramipril and all newer ACE inhibitors.
